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In this issue of Developmental Cell, Lyu and colleagues (2008) report that cleavage of Ryk, a transmembrane
Wnt receptor, and the nuclear translocation of its intracellular domain (ICD) are essential for neuronal differ-
entiation during mouse cortical neurogenesis. Their findings point to the possibility that Ryk, an atypical
receptor tyrosine kinase, directly regulates Wnt target gene expression.Wnt signaling is transduced by a complex
set of receptors that trigger distinct intra-
cellular pathways to influence cell prolif-
eration, differentiation, migration, and
morphology (reviewed in Cheyette, 2004;
Huang and He, 2008). The canonical Wnt
pathway is mediated by the Frizzled (Fz)
family of serpentine proteins in concert
with low-density, lipoprotein-related pro-
tein 6 (LRP6) or the closely related LRP5,
which transduce Wnt signaling by pre-
venting the degradation of b-catenin, a
multifunctional cytoplasmic protein and
transcription coactivator. Stabilized b-
catenin accumulates in the nucleus and
activates Wnt target genes by binding to
members of the T cell factor and lymphoid
enhancer factor (TCF/LEF) family of tran-
scription factors. Fz and LRP proteins
also mediate several noncanonical Wnt
pathways that do not function through b-
catenin and TCF/LEF (reviewed in Huang
and He, 2008).
In addition to Fz and LRP proteins, bio-
chemical and genetic studies have also
established Ryk, known as Derailed in
Drosophila and Lin-18 in C. elegans, as
a Wnt receptor (reviewed in Cheyette,
2004). Ryk belongs to the receptor tyro-
sinekinase (RTK) family of transmembrane
proteins. Its extracellular domain (ECD)
shares homologywith theWnt-binding se-
quence of Wnt inhibitory factor-1 (WIF1)
and can directly bind several Wnt ligands.
The intracellular tyrosine kinase domain,
however, is somewhat of a mystery, as it
contains amino acid substitutions that
abrogate kinase activity. Lyu et al. (2008)
now provide an unexpected mechanism
in which Ryk fulfills its role in Wnt signal
transduction through proteolytic cleavage
that allows its ICD to directly impact gene
transcription in the nucleus.
Lyu and colleagues (2008) examined
neurogenesis in Ryk-deficient mice andfound that Ryk loss did not overtly affect
the number and proliferation of neural
progenitors cells (NPCs) in the embryonic
forebrain, but severely reduced the ex-
pression of markers for neurons. Since
cell death did not increase within the mu-
tant neuroepithelium, they concluded that
Ryk is required for neuronal differentia-
tion. Ryk is expressed in both progenitor
cells and neurons, but a more careful
analysis revealed an interesting twist:
whereas full-length Ryk protein resides
at the cell membrane in most NPCs,
a C-terminal fragment of Ryk is selectively
detected in the nuclei of neurons. To
examine whether Ryk cleavage and the
nuclear presence of its ICD are essential
for neuronal differentiation, Lyu and
colleagues performed an elegant set of
experiments using cultured NPCs.
Lyu et al. (2008) first mapped the Ryk
cleavage site to its transmembrane do-
main (TMD). They then performed a series
of rescue experiments in Ryk mutant cor-
tical progenitor cells, introducing various
mutant forms of Ryk to examine their
ability to rescue the defects in neuronal
differentiation. Cleavage-resistant Ryk
wasunable to rescue thedefects,whereas
Ryk ICD, which largely remained in the
cytoplasm in the absence of Wnt activa-
tion (see discussion below), could only
partially rescue the defects. However,
adding an exogenous nuclear localization
signal (NLS) made the resultant nuclear
ICD (Ryk NLS-ICD) fully capable of rescu-
ing the defects, like full-length Ryk, indi-
cating that Ryk nuclear localization is in-
deed essential for its function in neuronal
differentiation. Taken together, the evi-
dence presented by Lyu and colleagues
that Ryk can transduce Wnt signaling
through thenuclear translocationof its ICD
is compelling. These findings also raise
several interesting questions.Developmental Cell 15, NFirst, which steps of Ryk activation are
Wnt dependent? There are obvious paral-
lels to and differences from Notch signal-
ing, which also involves cleavage and
nuclear translocation of a receptor ICD
in the control of neurogenesis and other
developmental processes (Bray, 2006).
The first (S1) Notch cleavage event takes
place in the Golgi; this ensures that cell-
surface Notch consists of heterodimers of
its extracellular and intracellular domains.
Ligand binding triggers the S2 cleavage
and shedding of the Notch ECD by a
member of the ADAM family of metallo-
proteases. The S2 cleavage generates
a substrate for S3 cleavage in the trans-
membrane domain, which is catalyzed
by the g-secretase complex and releases
the freed ICD into the nucleus (Figure 1B).
Lyu et al. (2008) showed that g-secretase
is also involved in Ryk processing. Block-
ing g-secretase action yielded a C-termi-
nal fragment (CTF) slightly larger than
the ICD, suggesting that, like Notch pro-
cessing, another cleavage event, which
sheds the ECD, precedes the g-secre-
tase-mediated release of the Ryk ICD.
The intracellular domains of Notch and
Ryk, however, behave very differently
after g-secretase-mediated release from
the cell membrane. Notch ICD has an
NLS and immediately enters the nucleus.
Lyu and colleagues showed that Ryk ICD,
which lacks an apparent NLS, remained
largely cytoplasmic. They further showed
that Wnt3, which did not affect the
amount of total ICD or the full-length pro-
tein, could promote Ryk nuclear localiza-
tion in a g-secretase-dependent manner.
In other words, Ryk cleavage is likely a
Wnt-independent process, but the subse-
quent nuclear translocation of the ICD
depends critically on Wnt signaling (Fig-
ure 1A). What remains unclear is whether
the latter requires full-length or processedovember 11, 2008 ª2008 Elsevier Inc. 635
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ways. Additional cytoplasmic compo-
nents—those that modify Ryk and shep-
herd it to the nucleus—are likely required
for Ryk signaling.
Second, which Wnt ligand is responsi-
ble for triggering nuclear translocation of
Ryk ICD during neuronal differentiation?
It is likely that multiple Wnt ligands are
involved, and Lyu et al. (2008) provided
fairly strong evidence that Wnt3, which
binds Ryk and whose expression in-
creases as cortical neurogenesis prog-
resses, is a candidate. They showed that
overexpressing Wnt3 in cultured wild-
type NPCs significantly increased neuron
production (but not oligodendrocytes or
astrocytes) and nuclear levels of Ryk ICD
in neurons. A mutant form of Ryk lacking
the ICD (DICD), on the other hand, could
block Wnt3-induced neuronal differentia-
tion. Using Ryk-deficient NPCs, they
further demonstrated a requirement for
Ryk cleavage and nuclear translocation
by showing that the cleavage-resistant
Ryk, unlike full-length Ryk and Ryk
ICD, did not allow Wnt3-induced neuro-
nal differentiation to occur in Ryk mutant
cells.
Third, does Ryk mediate Wnt signaling
only through this cleavage-dependent
pathway? The answer likely is no. Genetic
studies in Drosophila and C. elegans have
revealed differences regarding the impor-
tance of Ryk ICD. In Drosophila, Derailed
is essential for axon guidance and the
ICD is critical for this activity, which is in-
dependent of the Fz receptor (Yoshikawa
et al., 2003). InC. elegans, by contrast, the
Ryk homolog Lin-18 and the Fz homolog
Lin-17 act redundantly to specify a sub-
class of vulval precursor cells, and the
Lin-18 ICD is not required for this activity
(Inoue et al., 2004). In cultured mamma-
lian cells, at least, Ryk can act as a core-
ceptor along with Fz for Wnt ligands and
function through the canonical pathway
(Lu et al., 2004), but Ryk ICD did not
appear to have the ability to stabilize
b-catenin or activate a TCF/LEF reporter
(Lyu et al., 2008). Therefore, Ryk likely
functions through one of the two path-
ways, depending on the cellular context.
Although Ryk ICD has no apparent kinase
activity, a recent study suggests that Ryk
and Derailed can form a complex with
members of the nonreceptor family of
Src kinases and, therefore, may also func-
tion by triggering a phosphorylation cas-
cade like more conventional kinases
(Wouda et al., 2008).
Finally, that Ryk promotes neuronal
differentiation also raises an interesting
question regarding the relationship be-
tween this cleavage-dependent pathway
and the b-catenin-dependent canonical
pathway during cortical neurogenesis.
Loss- and gain-of-function studies show
that b-catenin plays a prominent role in
maintaining the identities of forebrain
progenitor cells along the dorsal-ventral
axis and in allowing neuroepithelial cells
to choose proliferation over differentiation
(Chenn and Walsh, 2002; Backman et al.,
2005). In other words, the two Wnt path-
ways appear to have opposing effects on
cortical neurogenesis. Therefore, the find-
ings reported by Lyu and colleagues not
only have uncovered a novel pathway for
transducing Wnt signaling but also pose
interesting new challenges regarding how
differentWnt signaling pathways are regu-
lated and integrated during development.
REFERENCES
Backman, M., Machon, O., Mygland, L., van den
Bout, C.J., Zhong, W., Taketo, M.M., and Krauss,
S. (2005). Dev. Biol. 279, 155–168.
Bray, S.J. (2006). Nat. Rev. Mol. Cell Biol. 7, 678–
689.
Chenn, A., and Walsh, C.A. (2002). Science 297,
365–369.
Cheyette, B.N.R. (2004). Sci. STKE 2004, pe54.
Huang, H., and He, X. (2008). Curr. Opin. Cell Biol.
20, 119–125.
Inoue, T., Oz, H.S., Wiland, D., Gharib, S., Desh-
pande, R., Hill, R.J., Katz, W.S., and Sternberg,
P.W. (2004). Cell 118, 795–806.
Lu, W., Yamamoto, V., Ortega, B., and Baltimore,
D. (2004). Cell 119, 97–108.
Lyu, J., Yamamoto, V., and Lu, W. (2008). Dev. Cell
15, this issue, 773–780.
Wouda, R.R., Bansraj, M.R., de Jong, A.W., Noor-
dermeer, J.N., and Fradkin, L.G. (2008). Develop-
ment 135, 2277–2287.
Yoshikawa, S., McKinnon, R.D., Kokel, M., and
Thomas, J.B. (2003). Nature 422, 583–588.
Figure 1. Similarities and Differences between the Ryk and Notch Signaling Pathways
(A) Unknown proteases cleave Ryk to shed the ECD, whereupon the g-secretase complex releases the
ICD. These events are likely not dependent on binding a Wnt ligand. However, Ryk ICD then remains in
the cytoplasm; its translocation to the nucleus, presumably to activate Wnt target genes, is Wnt ligand
dependent.
(B) Notch activation by ligands such as Delta triggers ECD shedding by the metalloprotease ADAM10 or
TACE (S2 cleavage), which in turn triggers S3 cleavage by the g-secretase complex to release the ICD.
Freed Notch ICD enters the nucleus without a need for further Notch activation and activates target genes
by cooperating with the DNA-binding protein CSL [named after CBF1, Su(H) and LAG-1] and its coactiva-
tor Mastermind (MAM).636 Developmental Cell 15, November 11, 2008 ª2008 Elsevier Inc.
